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Glomerular permselectivity is dependent on adequate serum concentra-
tions of orosomucoid. Orosomucoid, or a1-acid glycoprotein, a serum
protein known to be an "acute phase reactant" has recently been shown
to be needed for the maintenance of normal capillary permeability in
skeletal muscle and mesentery. Therefore, we were interested in studying
whether the glomerular capillary wall is affected by orosomucoid as well.
For this purpose, left and right kidneys from nine rats (group A) were
isolated and perfused in situ and in parallel using separate solutions of
human albumin (1.8% in Tyrode), differing in their content of orosomu-
coid, one containing 0.21 g/liter, the other less than 0.005 g/liter. The
temperature was kept at 8°C in order to minimize tubular reabsorption of
fluid and albumin. The two kidneys showed identical and stable vascular
resistances during the experiments. Also the glomerular filtration rates
(GFR) were stable between 30 and 33 mllmin/l00 g kidney. Initially, the
two kidneys showed similar fractional albumin clearance (0) values of
approximately 0.003. However, in the "absence" of orosomucoid 0
increased to become four- to fivefold higher in the test kidney than in the
control kidney at the end of the 1½ hour experiment. This difference was
observed in all rats, suggesting that orosomucoid is needed also for the
maintenance of the glomerular permselectivity. In a separate group of
eight animals (group B), orosomucoid-containing albumin solutions were
used in parallel with horse serum solutions to perfuse the two kidneys of
each rat, at 8°C. The same protocol as above was used, but no differences
could be observed between the two perfusates, indicating that serum
proteins other than albumin and orosomucoid are less important for the
maintenance of normal capillary permeability. Orosomucoid probably
exerts its action on the capillary wall by interacting with the capillary
charge barrier. The results indicate that the glomerular barrier has major
similarities with that of other capillary beds. Furthermore, the notion that
the glomerular permselectivity can be modulated by a serum protein may
have pathophysiological implications.
The glomerular capillaries have unique properties allowing
rapid excretion of large amounts of fluid and small solutes from
blood to primary urine, while only minute quantities of macromol-
ecules are permitted to cross the capillary walls. The glomerular
ability to exert this high permselectivity is of vital importance for
the maintenance of normal fluid volume and composition. Deteri-
orated selectivity is manifested by proteinuria which is a common
sign of renal disease.
In several respects the glomerular capillaries seem to behave
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as capillaries found in almost any other organ in the body, albeit
with a higher degree of selectivity. Thus, several studies have
shown that the capillary walls of the glomerulus [1], rabbit ear
[21, skeletal muscle [3, 4] and mesentery [5] all behave as
negative charge barriers, retarding the passage from blood to
tissue of anionic solutes. Moreover, the size-selectivity of the
glomerular capillaries demonstrate a bimodality which suggests
the presence of heteroporosity [6]. This bimodal selectivity is
well-documented for most other capillary beds [7—13]. Further-
more, like in other capillary beds [15—17] the glomerular hy-
draulic conductivity seems to show a marked increase if albu-
min is removed from the perfusate [14].
In a recent paper [18] it was noted that the serum protein
orosomucoid, or a3-acid glycoprotein, is needed for the main-
tenance of a normal capillary permselectivity in skeletal mus-
cle. The effect was not due to alterations of the equivalent pore
radius. Nor was it due to changes in the number of large pores,
since the hydraulic conductivity was unchanged, while the
clearance of albumin increased by 250 percent. Therefore, it
was suggested that orosomucoid plays a vital role for maintain-
ing the capillary charge barrier intact. In the absence of the
highly negatively-charged glycoprotein, orosomucoid (p1 2.7,
molecular wt = 44,000), the charge density of the barrier will
conceivably be reduced, so that it offers less restriction for the
passage of anionic macromolecules. These results have recently
been confirmed using a completely different technique on frog
mesenteric capillaries [19]. Experimental evidence for the hy-
pothesis that orosomucoid affects the microvessel wall charge
was provided. Thus, orosomucoid, with hitherto unknown
physiological functions, seems to be an important modulator of
the normal capillary charge barrier needed for maintaining a
high capillary permselectivity in skeletal muscle and in mesen-
tery.
Towards this background, we were interested in studying
whether orosomucoid is needed for maintaining the glomerular
capillary barrier function as well, or if the specialized glomer-
ular structures differ from other capillary beds in their reaction
to orosomucoid. The isolated perfused rat kidney preparation,
originally introduced by Weiss, Passow and Rothstein in 1959
[20], was thus further modified for studies of glomerular per-
meability as previously described [21]. This experimental model
seems to be particularly well suited for studies of glomerular
and proximal tubular functions [22, 23].
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Methods
Experiments were performed on 22 male rats of Wistar strain
(MØllegaards Ltd, Denmark) weighing around 300 g. The rats
were kept on standard chow and had free access to water prior
to the experiments. Anaesthesia was induced by intraperitoneal
injection of pentobarbitone (Mebumal®, 50 mg/kg) and the tail
artery was cannulated for recordings of arterial pressure (PA)
and for subsequent administrations of drugs. The body temper-
ature of the rat was kept at 37°C during the preparation by use
of a thermostatically controlled heat pad. Total preparation
time was around two hours in this series.
Kidney perfusion technique
The presently used modification of the isolated perfused rat
kidney preparation has been previously described in detail [21].
In brief, the rat was eviscerated through a midline abdominal
incision. Mesenteric arteries were selectively ligated. Diuresis
was induced by injection of approximately 2 mg/kg of furo-
semide and 0.4 ml of saline, thus facilitating cannulation of both
ureters with PE-lO cannulas. Care was taken not to obstruct the
ureters during the cannulation procedure. The aorta was freed
from branches and surrounding tissues at a level between the
liver hilus and the iliolumbar arteries allowing cannulation at a
later stage.
After heparinization (3000 lU/kg), the aorta was clamped
distal to the renal arteries and cannulated a few mm distal to the
clamp in retrograde direction. The clamp was removed, thus
allowing artificial perfusion of the two kidneys by use of a
peristaltic pump, maintaining A between 50 and 100 mm Hg.
The aorta was clamped proximal to the renal arteries and the
caval vein was opened for venous outflow. A second perfusion
cannula was inserted into the thoracic aorta with the tip
advanced close to the right renal artery where it was ligated.
The heart was removed together with the clamp proximal to the
renal arteries. Great care was taken not to touch the kidneys
during the preparation and the kidneys were adequately per-
fused with blood or perfusate during the entire preparation
procedure.
The two kidneys were perfused with completely separate
perfusion systems by ligating the aorta between the renal
arteries. The temperature was kept at 8°C in order to inhibit
tubular function [24, 25] as well as energy consumption and
myogenic tone [21]. Nitroprusside and furosemide were present
in both solutions in order to achieve maximal vasodilation and
to further reduce tubular reabsorption. Arterial pressures were
measured by T-tubes close to the aortic inlet. The urine was
collected in small vials which were continuously weighed for
assessment of urine flow. A Grass polygraph recorded PA'S and
weight changes for both kidneys. Small adjustments of perfus-
ate flow rates were made, if needed, to keep equal arterial
pressures, around 100 mm Hg, in both kidneys. Figure 1
illustrates the experimental setup.
Perfusates
Three modified Tyrode-solutions containing serum albumin
were used, having the same ionic composition, namely: Na 148
mM, K 4.9 mrvz, Ca 2.5 m, Mg 0.8 mM, Cl 134 mM, HCO3 25
mM, H,PO 0.5 m'vi and glucose 5.6 ms'i. All solutions contained
nitroprusside (0.9 mM), furosemide (40 mg/liter), and the two
radiolabelled tracers, Cr-EDTA and albumin. The perfusates
were kept at 8°C, protected from light (nitroprusside is light
sensitive), bubbled with 5% CO, in oxygen, and were pumped
through bubble traps and through cooling systems placed close
to the animal. Two commercially available human albumin
solutions were used and diluted with modified Tyrode (1:11) to
obtain the final albumin concentrations of 18.2 g/liter, having a
calculated colloid osmotic pressure of 5.8 mm Hg. The third
albumin solution was obtained by diluting horse serum (Statens
Veterinärmed Anstalt, Uppsala, Sweden) with Tyrode (1:2.75).
Per,fusate I. This contained human albumin (Albumin Immu-
no®, 200 g/liter, Immuno AG, Vienna, Austria). Electrophore-
sis showed contaminations mainly of a-globulins. The oroso-
mucoid content was 2.26 g/liter according to an RIA method,
which in the final solutions was diluted to 0.21 g/liter.
Perfusate II. This was based on human albumin (Rhodialbu-
mm®, 200 g/liter, Rhône Poulenc Pharma, Norden A/S, Birk-
erØd, Denmark). Electrophoresis showed less contamination
than the albumin solution above. The orosomucoid content was
<0.053 g/liter, giving a final orosomucoid concentration of less
than 0.005 g/liter.
Perfusate III. This contained horse serum albumin (18.2
g/liter) and all other serum components in horse serum (Statens
Veterinärmedicinska anstalt, Uppsala, Sweden) diluted to 36%
of their normal concentrations, giving orosomucoid concentra-
tions of 0.3 to 0.4 g/liter.
Tracers
Radiolabelled 51Cr-EDTA (CJ.l3P, 3.7 MBq/ml, Amersham,
UK) was added to the perfusate (0.34 MBq/liter) for calcula-
tions of glomerular filtration rate (GFR). Precise aliquots of
perfusate and urine were collected in vials and the radioactiv-
ities were calculated. GFR could then be calculated from the
urine to plasma concentration ratios, according to GFR =
C/C urine flow. The urine flows (and hence GFR and Cl)
were corrected for the twofold increase in water viscosity at 8°C
(1.386 cp) as compared to 37°C (0.6915 cp).
lodinated human serum albumin, '251-HSA (IM.17P, 1.85
MBq/ml Amersham) was added to the perfusate (1.70 MBq/
liter) and the labelled albumin concentrations of urine and
plasma were determined as described above. The radiolabelled
albumin was subjected to gel chromatography (PD-b, Pharma-
cia, Uppsala, Sweden) immediately before adding it to the
perfusate in order to reduce the content of free iodine. The
chromatographic procedure reduced the free iodine content to
0.1% according to precipitation with TCA. The C/C values
were corrected for the free iodine content. Moreover, correc-
tions were made for background and cross over of 51Cr to the
iodine channel. Clearance of albumin (Caib) was calculated from
the albumin concentration ratios times urine flow (corrected for
the temperature effect on viscocity). Fractional albumin clear-
ance (0) could be calculated as Caib/GFR giving the "real"
C/C values in primary urine. To eliminate the influence of
variations in the degree of edema formation the kidney dry
weight was determined after the experiments. It became ap-
proximately 0.22 g, with no differences between the left and the
right kidneys. The kidney weight was calculated from the dry
weight using the standard dry/wet weight ratio (=17%), and the
results were expressed in ml/min/l00 g.
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Fig. 1. The experimental setup. The two
kidneys were artificially perfused in situ with
separate albumin solutions. Furosemide was
present in the perfusate (40 mg/liter) and the
temperature was kept at 8°C to minimize
tubular function. Nitroprusside was used to
obtain maximal vasodilation and thereby a
well controlled situation. Arterial pressures
and urine flows were recorded on a Grass
polygraph.
Experimental protocol
Group A: The effect of orosomucoid on perfused kidneys. The
two kidneys were perfused at random with either perfusate I or
II for 90 minutes at equal arterial pressures. Thus, the perfu-
sates contained human serum albumin solutions with or
without orosomucoid. Repeated samples of urine were taken
throughout the experiment for calculations of GFR and Caib.
Group B: The effect of serum on perfused kidneys. In this
group the kidneys were perfused with perfusate I or III for 60 to
90 minutes at equal arterial pressures. Both perfusates con-
tained serum albumin (human and horse, respectively) and
orosomucoid, while perfusate III also contained additional
horse serum constituents. The protocol was otherwise identical
to that of group A.
Statistics
Results are presented as mean SE. Linear regression
analysis and Student's t-test were performed where appropri-
ate.
Results
Group A: The effect of orosomucoid on perfused kidneys
General. Experiments were conducted in 10 rats which all
demonstrated a marked difference in albumin clearance (Cb)
among the groups perfused with versus without orosomucoid in
the perfusate as described below. One rat was excluded from
the study due to initially high albumin clearance values in both
kidneys. However, the observed difference in Caib between the
two groups was evident in this experiment as well, with Caib
values increasing with perfusate II (without orosomucoid) and
being constant (or actually decreasing) in the kidney with
perfusate I, giving a final ® ratio of 8.4.
Perfusate flows and pressures. The average flow rate was 443
10 mllmin/l00 g of tissue weight (5.4 ml/minlkidney), giving
an arterial pressure of 90 to 100mm Hg. The vascular resistance
was generally stable throughout the experiments and similar in
both kidneys being 0.110 0.003 mm Hg mm . 100 gIml at
37°C (correcting for the temperature effect on viscosity). How-
ever, in the isolated perfused kidney the vascular resistance to
flow decreases slowly and progressively with flow, as shown by
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Gothberg et a! 1979 [26]. Furthermore, at each step increase of
flow there is an initial increase in resistance shown to be due to
filtration and subsequent increase in "tissue" pressure [34].
Urine flows. Urine production was roughly the same in both
kidneys, 14 mllmin/100 g of tissue weight. With the flow rate
given above this would imply a minute filtration fraction of only
3.2 percent. After corrections for the temperature effect on
viscosity, GFR was calculated. The concentration of Cr-EDTA
was roughly 10% higher in the urine than in the perfusate,
reflecting a potent tubular inhibition.
GFR. The glomerular filtration rate was, if anything, slightly
higher for the kidneys perfused with albumin solution contain-
ing orosomucoid (I) compared to the paired kidney subjected to
perfusate II (without orosomucoid) and was fairly constant
throughout the experiments (Fig. 2). Linear regression analysis
resulted in the two lines shown in Figure 2, with intercepts of
33.2 2.0 ml/min/l00 g for group I and 30.0 1.3 mllmin/l00 g
for group II, and with regression coefficients of —0.007 0.034
and —0.014 0.216, respectively, the regression coefficients
were not significantly different from zero.
Fractional albumin clearance (0). Initially, kidneys perfused
with either of the perfusates showed roughly similar 0 values
around 0.003. However, with time there was a marked increase
in 0 for the kidneys perfused "without" orosomucoid (group
II), to 0 values of 0.026 after 1½ hours of perfusion (Fig. 3). In
contrast, the kidneys perfused with albumin solutions contain-
ing orosomucoid (I), showed significantly less change of® with
time, the latter reaching 0.007 after 1½ hours of perfusion.
Thus, with orosomucoid in the perfusate a twofold increase in
fractional albumin clearance was seen compared to a 10-fold
increase in the kidneys perfused "without" orosomucoid. Lin-
ear regression analysis (Fig. 3) yielded intercepts of 0.0026
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Fig. 2. GFR versus time of perfusion with
albumin solutions containing orosomucoid
(0.21 glliter, group 1, filled circles) and
______
withoutorosomucoid (<0.005 glliter, group II,
100 open circles) in nine rats. The bars indicate
standard errors of the mean. There were no
significant changes of GFR with time.
Fig. 3. Fractional clearance of albumin ()
versus time of perfusion in nine rats. Filled
circles indicate the results from nine kidneys
in group A perfused with albumin solutions
containing orosomucoid (0.21 gI!iter), whereas
— the open circles are the ® values obtained in
the contralatera! kidneys perfused with
100 albumin solutions free of orosomucoid
(<0.005 g/liter).
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0.0005 for group I and —0.0019 0.0009 for group II and
regression coefficients of 0.00006 0.00001 and 0.00284
0.00002, respectively, the latter being significantly different
from zero (P < 0.0001).
Group B: The effect of serum on perfused kidneys
General. In the eight experiments performed there were no
differences between the two perfusates. The perfusate flows,
vascular pressures and urine flows were largely similar to those
reported for group A.
GFR. The glomerular filtration rate is plotted versus time in
Figure 4 for group B. As in group A, GFR was found to be
stable throughout the experiment, around 30 mI/mm per 100 g,
with no difference between the two perfusates.
Fractional albumin clearance. Initial 0 was 0.00198
0.00042 for kidneys perfused with human serum albumin con-
taining orosomucoid (I) and 0.00242 0.00073 for the kidneys
perfused with horse serum solution (III). The fractional albumin
clearance values increased with time, reaching 0.00366
0.00037 and 0.00332 0.00068 for perfusate I and III, respec-
tively, after one hour of perfusion, without any significant
difference between the two perfusates. Figure 5 illustrates the 0
versus time relationships in group B.
Discussion
The results of the present investigation suggest that the
glomerular capillary barrier can alter its permeability charac-
teristics in a dynamic fashion depending on its chemical envi-
ronment. This is in line with earlier observations that glomeru-
lar hydraulic conductivity may increase tenfold after removal of
albumin from the perfusate [14]. Other substances have been
suggested to influence glomerular permselectivity as well [27].
In this study two commercial albumin solutions were diluted
with Tyrode to obtain similar ionic compositions (group A).
These preparations were then used in the same rat for perfusion
of its isolated kidneys in parallel at identical pressures and
flows. Electrophoresis and radioimmunoassay (RIA) for oroso-
mucoid demonstrated one major difference between the two
albumin solutions in that one (I) contained orosomucoid (0.21
gfliter), while the other (II) did not (<0.005 g/liter). Thus,
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Fig. 5. Fractional albumin clearance (0) versus time in group B. Filled
circles indicate that the kidneys were perfused with solution I (with
orosomucoid 0.21 g/liter), while filled triangles indicate perfusate HI
containing horse serum (including orosomucoid "0.3 g/liter). No sig-
nificant difference was observed between the two groups.
vascular resistance was similar with the two perfusates as was
the GFR (Fig. 2). There were, however, great differences in the
fractional clearance of albumin (0), with the two perfusates as
illustrated in Figure 3. In the absence of orosomucoid, 0
increased markedly during the perfusion period of 1½ hour.
The glycoprotein orosomucoid was recently found to be of
vital importance for the maintenance of capillary permselec-
tivity in skeletal muscle [18]. Orosomucoid is highly negatively
charged and seems to increase capillary permselectivity by
interacting with the capillary charge barrier, a hypothesis
supported by studies on frog mesenteric single capillaries [19].
However, orosomucoid also interacts with collagen. In its
presence collagen may form regular "fibrous networks" [28],
and an alternative hypothesis would therefore be that it acts by
rearranging an irregular "fibrous matrix" into a more regular
pattern [17].
Orosomucoid had previously no known physiological func-
tions. The study of Haraldsson and Rippe [18] was the result of
a tedious search for a protein responsible for the so-called
"serum effect" as demonstrated by Haraldsson and Rippe in
314 Haraldsson et a!: Orosomucoid and glomerular permselectivity
T 40
+ U
20
E
cc
Fig. 4. GFR versus time in group B. Filled
circles indicate that the kidneys were perfused
with solution I (with orosomucoid 0.21 g/liter),
80 while filled triangles indicate perfusate III
containing horse serum (including
orosomucoid "=0.3 g/liter).
0
Time, minutes
0.02 -
0.01 -
13
C
a
.0
0
Haraldsson et al: Orosomucoid and glomerular permselectivity 315
1985 [29]. Thus, perfusion of the skeletal muscle capillary bed in
rat hindquarters with serum-free bovine albumin solutions
resulted in a threefold increase in albumin clearance compared
with perfusion with albumin solutions mixed with more than
10% of serum. Later analyses showed that the bovine albumin
used was essentially free from orosomucoid.
In a separate group of rats, the effect of serum proteins, other
than albumin and orosomucoid, on glomerular permselectivity
was studied (group B). We did not, however, find any difference
between the two perfusates, suggesting that the normal serum
constituents orosomucoid and serum albumin are the main
contributors to normal capillary permselectivity.
There are marked hemodynamic changes occurring in a
kidney subjected to artificial perfusion with albumin solutions
having low colloid osmotic pressures and after almost total
inhibition of tubular reabsorption. However, the critical ques-
tion is whether the present rat glomerular permselectivity, with
a fractional albumin clearance of around 0.2% under control
conditions, is to be considered as normal or not. In the
literature €P obtained from isolated perfused rat kidneys range
from 0.4% to 2% [23, 30—34]. A tentative explanation for the
rather large span of 0 values may be that the amount of
orosomucoid differs between different albumin batches. Thus,
already in 1980 Maack [23] concluded in a review that certain
"contaminants" of the fraction V of albumin were needed in
order to get a stable and properly functioning isolated rat kidney
preparation. One such "contaminant" is orosomucoid [35].
Moreover, there is considerable variability in the amount of
orosomucoid present in different albumin fractions.
A thorough comparison of the glomerular permselectivity
obtained by micropuncture between isolated perfused rat kid-
neys and in vivo kidneys was presented by Stolte, Schurek and
Alt [30]. The albumin sieving coefficient was eight times higher
in the proximal tubulus of isolated perfused rat kidneys than in
the in vivo kidneys. However, it is possible that the low value
in vivo is due to potent reabsorption in the most proximal part
of the tubulus, as suggested by a more recent study from the
same laboratory [36]. In the present study, we have a well
controlled situation, as reflected by constant vascular resis-
tances and GFR values. Moreover, tubular reabsorption was
nearly completely inhibited as indicated by the C/C, for
Cr-EDTA of around 1.1 [21, 24, 25], and still €1 foralbumin was
as low as 0.2 percent. Furthermore, nitroprusside was used to
achieve maximal vasodilation throughout the experiments, thus
minimizing the possibilities for pre- or post-glomerular resis-
tance alterations affecting the interpretation of the data. In
addition, the use of nitroprusside ensures a constant surface
area available for exchange. It is not likely that vasodilators of
this kind increase capillary permeability per se [11, 37]. There-
fore, there are good reasons for assuming that the present
technique is a good model for studies of glomerular permselec-
tivity characteristics.
Our results on rat glomerular capillaries confirm the data
obtained in rat skeletal muscle [18] and frog mesenteric capil-
laries [19] obtained using different techniques. They indicate
that orosomucojd is of vital importance for the maintenance of
capillary permselectivity in general. Moreover, it supports the
view that glomerular capillary walls are similar with respect to
their character as "charge barriers" to other capillary walls,
despite their specialized structure and function. Furthermore, the
dynamic nature of the action of orosomucoid on capillary perme-
ability may have pathophysiological implications. Marked defects
in orosomucoid synthesis, as well as impaired binding of oroso-
mucoid to the microvessels would be expected to result in
proteinuria and overall increased transcapillary passage of
macromolecules (such as albumin). Orosomucoid may thus be
of pathogenetic interest in nephrotic syndromes.
We conclude that orosomucoid is needed for the maintenance
of normal glomerular permselectivity, probably by interacting
with the negatively-charged capillary barrier. Moreover, gb-
merular permselectivity does not seem to be further improved
by adding serum proteins other than albumin and orosomucoid
to the perfusate, emphasizing the physiological role of oroso-
mucoid.
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